Introduction
High-voltage direct current (HVDC) systems have been used in electrical power systems integrated to AC systems for a long time [1] [2] [3] [4] [5] . Many methods have been proposed for AC/DC power flow calculation in integrated AC/DC systems. These methods are separated into two main categories: the simultaneous method and the sequential method. In the simultaneous method, AC and DC equations are within each other and solved together [6] [7] [8] [9] . In the sequential method, AC and DC equations are solved in separate power flow algorithms and convergence is provided by going forwards and backwards between these sequential algorithms. The sequential AC/DC power flow algorithm is structured by independent AC and DC power flow algorithms. The sequential AC/DC power flow algorithms continue to be executed until the sequential AC and DC power flow algorithms following each other converge independently [10] [11] [12] [13] .
In both the simultaneous and sequential methods mentioned above, the main issue is obtaining the appropriate tap values of the DC converters' ULTCs to maintain DC power balance [14] . Generally, the obtained values of the ULTCs are out of the tap limits [15] . Sometimes the tap values are obtained in the limits, * Correspondence: farukyalcin@sakarya.edu.tr but they can lead to imaginary values for the control angles (firing angle for rectifier or extinction/recovery angle for inverter) [16, 17] . Previous studies have overcome these problems efficiently. However, in all of these studies, the ULTCs of the DC converters are assumed to be ideal. Furthermore, the obtained tap values are not discrete, and they are regulated to the nearest discrete real value [18] . Hence, the results obtained by the existing studies cannot be valid for practical applications.
On the other hand, most of the existing studies cannot meet the general solution of power flow when the integrated AC/DC system includes more than one independent DC subsystem. These studies are done in the case of only one two-terminal or multiterminal DC subsystem in the system. Liu et al. [18] proposed a sequential AC/DC power flow algorithm that can include more than one independent DC subsystem. DC equations have been considered nonlinear and solved through the Newton-Raphson method. So, it is clear that each addition of DC converter to the system causes a nonlinear increase in the Jacobian matrix and DC power flow convergence time.
In this paper, a new sequential AC/DC power flow algorithm is proposed for multiterminal AC/DC systems. The traditional Newton-Raphson method is used for the sequential AC power flow algorithm and a linear current-balancing method is used for the sequential DC power flow algorithm. The real equivalent circuits for the ULTCs [19, 20] of the DC converters, as well as the other ULTCs in the AC system, are used in the proposed AC/DC power algorithm in order to be valid for practical applications. Thus, a new equivalent circuit model for DC converter stations and new DC equations for DC power flow are obtained. On the other hand, apart from similar studies in the literature, real discrete tap values are obtained directly and the calculations are done for these values. Hence, the proposed approach prevents calculation errors caused by the regulation of continuous tap values to discrete values. The tap-changing effects of DC converters' ULTCs during the sequential DC power flow algorithm affect the AC power flow directly as the bus admittance matrix structure is changed. To avoid the rebuilding of the bus admittance matrix caused by this situation, new AC power equations and new Jacobian matrix element calculation equations are obtained. Thus, the tap-changing effects are included into the Jacobian matrix and rebuilding the bus admittance matrix for each tap changing case is prevented, leading to fast convergence. A sequential DC power flow algorithm based on a current-balancing method is executed separately for each DC subsystem. Thus, modularity is achieved for the proposed AC/DC power flow algorithm for including or removing any DC subsystem without needing to change the proposed algorithm. The proposed approach has been tested on a modified IEEE 20-bus AC/DC test system by MATLAB to demonstrate its accuracy and reliability.
The proposed sequential AC/DC power flow algorithm
This section presents the proposed sequential AC/DC power flow algorithm. Sequential AC/DC power flow calculation is performed going forwards and backwards between the proposed sequential AC and DC power flow algorithms.
The illustration of the sequential AC power flow algorithm
This section presents the proposed sequential AC power flow algorithm used in this AC/DC power flow study. The proposed AC power flow algorithm is based on the Newton-Raphson method. In this study, real equivalent circuit models are considered for the DC converters' ULTCs as well as the other ULTCs used in the AC system. The ULTC's model and its equivalent circuit are given in Figure 1 [21] . In Figure 1 , k , m , t km , and y km represent the bus that the ULTC's primary side is connected to, the bus that the ULTC's secondary side is connected to, the tap value of the ULTC, and the admittance of the ULTC's windings, respectively.
As the tap values of the DC converters' ULTCs are changed in each sequential DC power flow iteration to achieve DC power balance in the study, the series and shunt admittance values of ULTCs change depending on the tap values ( Figure 1) . Thus, the bus admittance matrix of the AC system must be rebuilt for each new sequential AC power flow algorithm. To avoid rebuilding the AC bus admittance matrix for new ULTC tap values, only the ULTC's serial winding admittance y km is considered in the AC bus admittance matrix y bus , and shunt admittances for bus k and m are considered zero. In these conditions, p k , q k ,p m , and q m (active power flowing from bus k to other buses in the AC network, reactive power flowing from bus k to other buses in the AC network, active power flowing from bus m to other buses in the AC network, and reactive power flowing from bus m to other buses in the AC network, respectively) can be given as follows:
where n b , v i , g busij , b busij , and δ ij represent the total number of buses in the AC system, the i th bus's voltage, the conductance value of y bus 's i th and j th component, the susceptance values of y bus 's i th and j th component, and the phase angle difference between i th and j th bus voltages, respectively.
The active and reactive powers flowing from the buses that are not connected to a ULTC (different from the buses k and m) to the other buses in the AC system are given as
The general bus representation for the AC/DC system used in this study is given in Figure 2 . In Figure 2 ,
, and q i represent the active power of the i th bus's generator, the reactive power of the i th bus's generator, the active power of the DC converter connected to the i th bus, the reactive power of the DC converter connected to the ith bus, the active power of the i th bus's load, the reactive power of the i th bus's load, the reactive power of the shunt reactive power supply of the ith bus, the active power flowing from the i th bus to other buses in the AC system given by Eqs. (2, 4, 6) , and reactive power flowing from the i th bus to other buses in the AC system given by Eqs. (3, 5, 7) , respectively.
The active and reactive powers of the DC converters are considered constant loads in the sequential AC power flow algorithm for the buses where the DC converters are connected to them. The updated active and reactive powers of the DC converters at the end of the sequential DC power flow algorithm are sent to the sequential AC power flow algorithm. According to this approach, the power equations to be provided in the Newton-Raphson-based sequential AC power flow algorithm for the general bus representation given in Figure  2 are defined as
where n g represents the total number of generator buses in the system.
During the sequential AC power flow algorithm, the tap values of DC converters' ULTCs, which are changed in the sequential DC power flow algorithm, are considered control variables. Thus, the state and control variables for AC power flow algorithm are given as
where t , n t , t d , and n td represent the tap value of the ULTC that is not connected to a DC converter, the total number of ULTCs that are not connected to DC converters, the tap value of the DC converter's ULTC, and the total number of DC converters' ULTCs, respectively.
The illustration of the sequential DC power flow algorithm
This section presents the proposed sequential DC power flow algorithm. HVDC links are separated to DC subsystems. DC subsystems are composed of the DC lines that are connected to each other. DC converters are considered as line commutating converters (LCC) that are multipulse thyristor-controlled rectifiers. LCCs can be operated in both rectifier and inverter mode by controlling the thyristor gate control angles [22] . The proposed power model for a multiterminal DC subsystem is given in Figure 3 . 
, and ϕ mdi represent the i th DC converter's opencircuit direct voltage, the i th DC converter's terminal direct voltage, the i th DC converter's direct current, the i th DC converter's commutation resistance, the DC line resistance between the i th and j th DC converters, the ith DC converter's ULTC tap value, the i th DC converter's ULTC primary alternative voltage, the ith DC converter's ULTC secondary alternative voltage, the alternative current flowing from the DC converter's ULTC secondary to the DC converter, the phase angle of the i th DC converter's ULTC primary alternative voltage, the phase angle of the i th DC converter's ULTC secondary alternative voltage, and the phase angle of the alternative current flowing from the ith DC converter's ULTC secondary to the DC converter, respectively.
The following equations and the sequential DC power flow algorithm are defined for the individual independent multiterminal DC subsystems demonstrated in Figure 3 .
The DC converters' open-circuit direct voltages are defined as
where n c represents the total number of DC converters in the subsystem and θ i is the thyristor gate control angle of the LCC-based DC converter, which defines α di and γ di as the firing angle of the ith DC converter that operates in rectifier mode and the extinction/recovery angle of the i th DC converter that operates in inverter mode, respectively.
The DC converters' terminal direct voltages are defined as
In Eq. (13), commutation resistance r ci is positive for a DC converter that operates in rectifier mode and negative for a DC converter that operates in inverter mode.
Phase angle between the DC converter's ULTC secondary alternative voltage angle and the angle of the alternative current flowing from the DC converter's ULTC secondary to DC converter is defined as
and can also be derived from
The active and reactive powers of the DC converters can be given as
The multiterminal DC subsystem model is given in Figure 4 . In this model, commutation resistances are not included in the DC bus resistance matrix to avoid rebuilding the DC bus resistance matrix in each DC algorithm iteration. Otherwise, the DC bus resistance matrix is rebuilt in each algorithm iteration because the commutation resistance values change their sign in each iteration when the converters are updated from rectifier mode to inverter mode, or vice versa. If the DC terminal direct voltages are considered source voltages, commutation resistances can be ignored in the DC bus resistance matrix. When considering the 1st DC converter a reference converter, the DC bus resistance matrix is derived as
)
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where y d bus indicates the DC bus admittance matrix that includes only the admittances of DC lines.
If the 1st DC converter's terminal direct voltage is considered the reference voltage, the DC converters' open-circuit direct voltages can be defined as
According to the DC model given in Figure 4 , in each DC subsystem the algebraic sum of the DC converters direct currents must be zero:
The sequential DC power flow algorithm is performed by linear current-balancing method according to Eq. (21), considering the proposed multiterminal DC system equations given before. The sequential DC power flow algorithm can be given step-by-step for each DC subsystem, as below:
Step 1. Estimate the DC converters' terminal direct voltages as their nominal values.
Step 2. Estimate the DC converters' direct currents using the active powers of the DC converters obtained from the sequential AC power flow algorithm and the estimated DC converters' terminal direct voltages in step 1.
Step 3. Calculate the real values of the DC converters' direct currents using the estimated values in step 2.
where σ i indicates the i th DC converter's weight coefficient selected according the system operation procedures and converter power rating. Eq. (24) Step 4. Determine the commutation resistance with their signs using the real values of the DC converters' direct currents obtained in step 3.
Step 5. Determine the open circuit direct voltages of the DC converters.
Step 6. Determine the terminal direct voltages of the DC converters other than the 1st DC converter.
Step 
where e min dif f erence indicates the minimum component of the vector given below:
and p indicates the subscript where e min dif f erence is the p th component of vector e dif f erence . Step 8. Update the terminal direct voltages of the DC converters using the updated open-circuit direct voltages of the DC converters in step 7.
Step 9. Compare the terminal direct voltages of the DC converters used in step 1 and obtained in step 8.
where ε DA indicates the error tolerance selected for the sequential DC power flow algorithm. If the inequality given in Eq. (32) is provided, go to step 10, else go to step 2 with the terminal direct voltages of the DC converters obtained in step 8 and use them as estimated terminal direct voltages.
Step 10. Determine the firing or extinction/recovery angles for the DC converters.
Step 11. Update the tap values of the DC converters' ULTCs according to the firing or extinction/recovery angles for the DC converters obtained in step 10.
where
, and γ min i represent the tap variation of the i th DC converter's ULTC for one gear change, the maximum tap value of the i th DC converter's ULTC, the minimum firing angle of the i th DC converter for rectifier mode, and the minimum extinction/recovery angle of the i th DC converter for inverter mode, respectively. As seen in Figure 3 , the tap value of DC converter's ULTC determines the input AC voltage amplitude (v mdi ) . It is clear from Eq. (12) that if v mdi is not high enough, θ i is forced into imaginary or under-limit values. To avoid obtaining imaginary or under-limit values, v mdi must be increased by increasing the DC converter's ULTC tap value (t di ).
Step 12. Update the firing or extinction/recovery angles for the DC converters.
Step 13. Update the active and reactive powers of the DC converters.
φ mdi = arccos
Step 14. The sequential DC power flow algorithm is accomplished.
Eq. (35) increases the DC converters' ULTC tap values when only the control angles are forced to be imaginary. As will be given in Section 2.3, the proposed AC/DC power flow algorithm starts considering the initials of the DC converters' ULTC tap values to be in their minimum values. On the other hand, in each DC power flow algorithm iteration, the active and reactive power values of DC converters are updated by Eqs.
(36) and (37). Thus, the exceeding problem of the maximum values of the DC converters' ULTC tap values is prevented. Hence, the proposed AC/DC power flow algorithm can find a suitable solution between the minimum and maximum values of the DC converters' ULTC tap values.
The illustration of the proposed sequential AC/DC power flow algorithm
In this section, the proposed sequential AC/DC power flow algorithm is given through the sequential AC and DC power flow algorithms given in Sections 2.1 and 2.2. The proposed sequential DC power flow algorithm is performed separately for each DC subsystem. The proposed AC/DC power flow algorithm is given in detail in Figure 5 . 
Results
The proposed AC/DC power flow algorithm is tested on the modified IEEE 20-bus AC/DC test system given in Figure 6 to prove the proposed approach's accuracy and efficiency. All of the results given in this section were obtained using MATLAB.
The modified IEEE 20-bus AC-DC test system is the remodified form of the modified IEEE 14-bus AC/DC test system used in [23, 24] (Figure 6 ). The modified IEEE 14-bus AC/DC test system includes only one multiterminal DC system in its original form. To test the proposed approach for the AC/DC systems, including the independent DC subsystems, one more DC subsystem is included in the modified IEEE 14-bus AC/DC test system between buses 10, 11, and 14. As the real equivalent circuit model of the DC converters' ULTCs are considered in the proposed study, the total bus number is increased for each converter ( Figure 6 ). To compare the results of the proposed approach with the approaches that ignore the real equivalent circuit model of the DC converters' ULTCs, the approaches in [23, 24] are modified for AC/DC power flow of the test system in Figure 6 . It is clear that the total bus number is again 14 for the remodified IEEE 14-bus AC/DC test system in the remodified studies of [23, 24] , as the real equivalent circuit models of the DC converters' ULTCs are ignored in those modified studies. It must be noted that comparisons of the results between the proposed approach and the mentioned approaches is only done to show the results of considering the real equivalent circuit of DC converters' ULTCs. It is clear that a healthy comparison for the efficiency and fastness of the power flow algorithms cannot be done because the studied system will always be different in the algorithms due to the aforementioned considerations of the real equivalent circuit of DC converters' ULTCs. The DC data of the test system are given in Tables 1-3 . The DC converters are connected to buses 5, 4, 2, 10, 11, and 14 instead of the buses 15, 16, 17, 18, 19 , and 20, respectively, in [23, 24] (Table 3) .
The results of applying the proposed AC/DC power flow algorithm to the test system is given and compared with the results of [23, 24] , which ignore the real equivalent circuits of the DC converters' ULTCs (Table 4) .
As explained previously, results are undefined for the buses 15, 16, 17, 18, 19, and 20 in the compared studies because of ignoring the DC converters' ULTCs in the compared studies ( Table 4 ). As seen in Table 4 , all of the tap values of the DC converters' ULTCs are obtained as real discrete values for the given ULTCs' parameters in the proposed approach. However, the tap values obtained for some of the DC converters are far from the real discrete values of the ULTCs in the compared studies. In practical applications, these values must be rounded to the nearest discrete values for the compared studies. In this situation, the obtained firing or extinction/recovery angles of the compared studies cannot meet the power equations. On the other hand, the obtained firing angles for the compared studies cannot provide power balance, even if the tap values of [23, 24] ) 0.0317 the ULTCs are obtained in real discrete values, because the serial and shunt admittances depending on the tap values of the DC converters' ULTCs are ignored in these studies. This neglect is impossible in practical applications, as proven by the differences between all the variables' results for the proposed approach and the compared algorithms. Thus, the results in Table 4 show that the proposed AC/DC power flow approach given in this paper provides an exact, accurate, and reliable solution for a power flow solution in power systems including HVDC systems.
The convergence results in iteration number and time are given in Table 5 for the proposed AC/DC power flow algorithm and compared studies.
The proposed approach has converged in more iteration numbers and in greater convergence time according the compared studies (Table 5) . However, it must be noted that the compared studies neglect Convergence results Proposed approach [23] [24]
Iteration number (2) the real equivalent circuit models of the DC converters' ULTCS. Nevertheless, the accuracy and reliability of the proposed approach in practical applications are more effective and important than the convergence time.
The proposed AC/DC power flow algorithm is applied to the same test system for different AC operating points to show the proposed approach's efficiency and accuracy. The results for different cases are given in Table 6 . The results demonstrate that the proposed approach is capable of solving system AC/DC power flow in a robust manner for different system conditions. 
Conclusion
This paper presents a novel power flow solution based on sequential algorithms for AC/DC systems that include independent multiterminal DC subsystems. Real equivalent circuits of DC converters' ULTCs are considered in this study for the first time in the literature. For this aim, a novel DC power flow model is developed. Tap-changing and admittance effects of the DC converters' ULTCs are included in the sequential AC power flow algorithm. To avoid the rebuilding of the AC bus admittance matrix caused by the tap changing of the DC converters' ULTCs in the sequential DC power flow algorithm, tap-changing effects are included in the Jacobian matrix through the newly obtained AC power equations. Hence, a faster convergence is achieved. The sequential DC power flow algorithm is performed using the linear current-balancing method, and thus the convergence of the algorithm is accelerated. The sequential DC power flow algorithm is performed for each DC subsystem separately. Thus, modularity and flexibility are provided for including or removing any DC subsystems without needing to change the proposed AC/DC power flow algorithm. Comparative results have shown that the proposed approach provides accurate and reliable results for practical applications, while previous studies ignore the real equivalent circuits for the ULTCs of the DC converters and are not able to meet accuracy and reliability criteria.
